, and an attem p t is m ade to disentangle th e factors w hich lead to th is com plication. In doing so, it is hoped th a t w e m a y h ave throw n som e ligh t on th e difficult subject o f th e structure o f sem i-polar com pounds in solid form .
In the first paper of the series, a full account has been given of the soft X-ray bands of metals and element insulators of the first two groups of the periodic table, and of their use in the formulation of a detailed know ledge of the systems of electron levels which exist in such solids (Skinner 1940 , to be referred to as 'Paper I '). In the present paper, we propose to describe the results of similar investigations on chemical compounds, chiefly halides, oxides and sulphides. Though the bands are often more complicated than for the elements, we shall attem pt to interpret them along lines analogous to those used in the previous paper.
A solid chemical compound of course consists of a lattice of atoms or ions of more than one sort. We therefore have the possibility of observing spectra of two or more kinds from a given compound; for example, the Kspectrum of Be and the X-spectrum of O in BeO. Though it has not been always possible to observe all these component spectra on account of The X-spectra of oxygen and fluorine lie near 23-6 and 18*4 A re spectively, and are thus in a region which provides a reasonable resolution of the electronic level-system under investigation (see Paper I, § 3; also Skinner 1939) . The remaining spectra of this paper lie, from this point of view, in an even more favourable region. There exist also a number of investigations of hard X-rays, in which small changes of line-form are observed in passing from element to chemical compound. Owing to poor theoretical resolving power due to the short wave-length, such data are not of much use for providing material for determining the level systems of the solids in question.
The soft X -ray spectroscopy of solids
Experimental technique
The range of wave-lengths included in the present investigations stretches from about 17 A to about 300 A. Two vacuum spectrographs of grazing-incidence type were used, each of which had a glass grating ruled w ith 30,000 lines per inch by Professor R. W. Wood; both were used with the photographic plate bent along the Rowland circle. One had a radius of curvature of 7 m. and was adjusted to an angle of incidence of 1*5°. This spectrograph was employed for wave-lengths below 50 A, namely, for the X-radiations of F, O, N and C. The other spectrograph, with a 1 m. grating a t 6°, was th a t employed for the experimental work of Paper I. The slit widths used were generally about 1-5/100 mm. for the first spectro graph and 2/100 mm. for the second. These give respectively voltage resolutions of the radiation, taking into account the slit-width of the microphotometer, of about 0-7 eV a t 23 A and about 0-4 eV a t 100 A, for first order spectra. W ith the 1 m. spectrograph, high-order spectra were often employed; but, unfortunately, the second-order spectra given by the 7 m. grating proved to be very weak, and most of the work was done using first orders. A few second-order spectra of oxygen X-radiation from CaO appeared to show th a t the resolution in our first-order spectra was sufficient, but, in other cases, particularly the fluorine X-spectra, no definite check was made. The resolution in the long wave-length spectra was certainly adequate for all their features.
The construction of the spectrographs was similar to th a t described by Skinner and Johnston (1937a) , and the general technique the same as in Paper I. So neither will be described in detail here. The glass X-ray tube, exhausted by oil diffusion pumps and provided with liquid-air traps, were the same as before. The substance to be investigated was deposited on one of the four sides of the square anticathode, which could be rotated so th at any of the sides could be put in position for the exposure. The X-ray filament was always run with one side of the anticathode facing it for an hour or more as a preliminary. When the pressure had fallen to a low enough value, the other sides of the anticathode whose surfaces were still fresh, were used successively for the exposures, several of which could be obtained on the same plate by means of a shutter working close to the photographic emulsion. When possible the material to be used was evaporated on to the anticathode; this method was used for the halides and for ZnS. Other substances, for example oxides, were emulsified with a pure volatile liquid such as carbon tetrachloride, and deposited in a thin uniform layer on the polished copper surface of the anticathode. Experience showed the required thickness, and, under such conditions, the deposit was often practically unaffected by the bombardment of the electron current. Except for the halides, the copper remained bright during the exposures, and the results themselves show th a t they are free from contamination, for instance, by Cu20 . In the case of the halides, the method of evaporation made possible the frequent renewal of the material. This is very necessary, since the halides are among the sub stances which decompose when bombarded by electrons. Other such compounds are carbonates, sulphates and cyanides, which become changed into carbides, sulphides and oxides, giving off oxygen or nitrogen. The results obtained from such substances are therefore unreliable.* In the case of the halides, however, the decomposition takes the form of the evolution of halogen gas, leaving the pure metal. The gas is pumped off, and thus there is no contamination of the halogen spectrum characteristic of the halide, due to other compounds. On the other hand, the corre sponding metal-ion spectra are spoiled. This kind of decomposition appears to be due to a type of electrolysis, and happens especially quickly when the positive and negative ions are small and mobile; LiF is the worst case. Most of the oxides used were quite stable and lasted almost indefinitely on the target. But A120 3 was found to decompose slowly, giving A1 metal ;f even so, it was possible to separate out the characteristic m etal ion spectrum of the compound from the metal spectrum by a knowledge of the shape of the latter. The oxides of iron, FeO and Fe20 3, give the same result for the X-spectrum of oxygen, and it is probable th a t the latter compound decomposes with the liberation of oxygen to give FeO.
The 1 m. spectrograph was used under running conditions identical with those of Paper I. Currents of 10-100 mA a t 3500 V were used in the X-ray tu b e ; but the spectra of metal ions in oxides are much weaker than those em itted by the pure metals. The lower light-gathering power of the 7 m. spectrograph made the use of a larger input in the X-ray tube de sirable; currents up to 150 mA a t 8000 V were actually used. The pressure conditions were therefore liable to be somewhat inferior, but there was no sign th a t the results were adversely affected. Exposures, which ranged from a few minutes to several hours, were taken on Ilford Qj plates. The photometry was not so carefully done as th a t described in Paper I, and plate-calibration curves were not taken in all individual cases. On the other hand, the experience of Paper I and of some plate calibrations at the shorter wave-lengths, shows th a t no large errors will be made in taking the photometer deflexion proportional to the intensity of the radiation causing the blackening of the emulsion, at least in the region of densities covered in most of the exposures. Though a few of the plates have regions of exceptional density, for which the corresponding intensity will be under rated, no more elaborate method of conversion to intensities was carried out.
Wave-length measurements were only rough, especially in the short wave-length region, where we had no standard available, except for the soft X-ray bands from various Fe-group metals, whose wave-lengths are given by Tyren (1937) . However, the wave-length of the peak of the oxygen X-band from MgO was determined approximately by comparison of its ninth order with the emission edge of metallic Mg. The result is 23-61 + 0-02 A.* Since we had no comparison lines on the plates, our investigation of the variation of this wave-length with the nature of the oxide was quite incomplete. In some cases, however, we had the results from different oxides on adjacent strips of the photographic plate and found a small variation in the peak wave-length. The peak wave-length for BeO, B20 3, MgO, A120 3 seemed to be the same within about 1/100 A, for Si02, it is shorter by about 3/100 A, while for CaO and SrO it is longer by about 2/100 A. In a diagram of the results to be given in figure 7, since the shift of the peak in some cases was not determined, we have arbitrarily arranged the peaks of the curves below one another in two groups, and the wave-length scales for some of the oxides are therefore slightly displaced. In the long wave-length region of the spectrum we have either taken wave-lengths from Siegbahn and Magnusson (19346, 234 1935) or have made comparisons with high-order carbon If-spectra, or with metal emission edges, but again no great precision is claimed.
H. M. O'Bryan and H. W. B. Skinner

General interpretation op results
In Paper I, § 3, we have given the general lines of interpretation of soft X-ray emission bands. The excited state is regarded as a discrete state, differing in energy from the normal state of the material by an amount Wx per atom, or molecule. After the transition giving rise to the emission of a soft X-ray quantum of frequency v, the final state is the normal state of the material, except th at an electron is missing from the band of filled valence-electron levels. For convenience, the energy level from which the electron is missing is defined as one of energy where E is measured from the bottom of the band of levels. We therefore char acterize the energy per molecule of the material after the transition as W(E) and we have
hv(E) = W x-W (E ).(I)
I t is shown in Paper I, § 3, th at if we call 1(E) the observed intensity in a band of radiation, then
where Np(E), Ns+d(E) are components of the function N(E) which repre sents the density of levels at the energy E. NS(E), Np(E), ... represent those levels which, near to the nuclei, give rise to wave functions similar to atomic s, p ,. .. wave functions and
Ns+d(E)=Ns(E) + xNd(E),
where a is a constant which cannot be determined experimentally. In this paper, however, we shall almost always be able to take Nd(E) as zero, since the atoms with which we have to deal are mostly unlikely to have any d-electrons in their normal state.
In the examples of Paper I, the quantities NS(E), Np(E) were found to have positive values within the same range of values of ; in other words, the bands of s-and p-like levels overlap completely. But in most of the cases which concern us in the present paper, the problem is simplified in th at the s-and p-levels overlap only slightly, or not at all. This is due to the fact th at we shall mainly be concerned with levels similar to those of F~ in fluorides. For these ions, the (2s -2 separation in the free state is relatively large (of the order of 10 eV) and the interaction in the lattice is not sufficiently great to amalgamate the bands which correspond to these ionic levels. It follows th a t in such cases, the values of NS(E) and Np(E have more direct meanings than they do for example in a metal where the admixture of s-and p-levels is complete. In fact they represent the function N(E) itself. Thus, for example in the case of the X-spectrum of fluorine in a fluoride, we can interpret our results directly as giving N(E) for the 2p-band of the negative ions.
In the case of crystals which are not purely ionic, we shall have to bear in mind the fact that electrons regarded as attached to negative ions have a certain probability of being found in the region of the positive ions. This introduces a complication, since obviously the space symmetry of a wave function near a certain nucleus may be different from th at near a different nucleus. Thus, in the case of semi-polar compounds, our functions NS(E), Np(E) have no meaning except in relation to a given kind of atoms in the lattice. Usually, it is convenient to refer then to the negative ion, and we shall speak, for example, of the 2p(0) band of levels in an oxide, or where no ambiguity can arise, simply to the 2p-band of the oxide.
In the case of chemical compounds, an im portant phenomenon is found which plays only a small part when we are dealing with solid elements. This is the observation of multiple emission bands. In some cases, the features of the 1(E) curve repeat themselves with more or less accuracy at different values of F ; in other cases, a second and different 1(E) curve is present which seems to have no connexion with the main 1(E) curve. In the case of ordinary hard X-ray spectra, a similar effect is observed in the emission of satellite lines; while in Paper I, § 8, evidence has been given for satellite bands, similar in form to the main bands of the spectra of Na, Mg, A1 and Si in the form of solid elements. Such satellites, however, have an intensity of only about 1 % of th at of the main bands, whereas in some of the cases with which we shall be dealing the satellites may have an intensity of the same order of magnitude as th at of the main bands. Their existence is certainly an intrinsic property of chemical com pounds and unfortunately makes the interpretation of the soft X-ray bands much more difficult than for simple substances.
All satellite bands can be understood, according to equation (1), only by postulating that, corresponding to a given type of excitation L2, L 3, etc.), we have to take into account either multiple values of Wx, of W(E) or of both. If we exclude cases in which the material of the target is so modified or decomposed by the general bombardment in the X-ray The soft X -ray spectroscopy of solids tube as to give spurious emission bands, we may distinguish between two classes of satellites: (A) A subsidiary excited state \\nx is produced, as well as the main excited state W°x by the ionization process due to the impinging electron in the X-ray tube; or by a secondary effect after the initial ionization process. Into this class fall the satellite lines of ordinary X-rays, produced by original double ionization of the atom core; or, after an original single ionization, by the occurrence of an Auger process (see Paper I, § 8) which ionizes it again before radiation is emitted. All satellites of this class are very weak.
(B) In the case of partly ionic compounds (and this includes nearly all chemical compounds) the number of valence electrons associated with a particular atom at any instant may not be a constant for all atoms. Under these conditions, multiple emission bands may occur.
Underlying all cases is the possibility of variation in the number of electrons in the emitting atom. We shall first calculate the values of Wx for free atoms or ions. I t is easily seen th at
where un is the nth successive ionization potential of the atomic system, ux is the ionization potential of the X-ray shell when all the n exterior electrons are removed, and u'n is the nth successive ionization potential of the atom when an electron is missing from the X-ray shell. An approximation to the values u'n may be obtained by taking them to be equal to the successive ionization potentials of the atom next higher in the periodic table to the atom considered. As an example, we may cal culate, using equations (1) and (3), the difference in energy between the X-ray lines emitted by a negative ion and a neutral atom (e.g. the X-lines of F~ and F). We obtain W% -W x =u [-uv (4) hv° -where ux is the first ionization potential of F -and u2 is the first ionization potential of F. The X-emission line for neutral F is displaced about 3 eV towards high energies from the line for F~. On the other hand, the change in the values of Wx is much greater, namely, about 16 eV. The difference is due to the higher value of W (equation (1)) for F than for F -. When we pass to the case of the solid, we must distinguish between two types of satellites, line satellites and band , both of which are found in different instances. In order to understand the possibilities, we must consider in more detail the structures of the intermediate excited state, Wx, and the final state W(E). The intermediate state is formed when an electron from an X-ray shell is removed by electron impact, a very rapid process requiring a time of the order of 10-17 sec. At this moment, the valence electrons are subjected to an increased field of force, on account of the increased core charge. There appears to be two possibilities:
(1) The system of valence electron levels may be unaffected by the altered field of force of a single nucleus, and no new valence levels appear.
(2) The valence electrons associated with a particular atom may be ' sucked in ' by the increased field of force to form sharp levels of ' atomic ' character.
We may call these 'non-atomic,' and ' ' intermediate states. The atomic type of state may be expected in the case of very polar compounds; the non-atomic type of state must certainly be assumed to occur in the case of metals. This is proved by the observed band structure of the Lsatellites of the second group metals (Paper I, figure 6 ). These are of class (A) and correspond to the creation of two vacancies in the L-shell, one of which persists throughout the emission process. The observed radiation therefore corresponds to values of W{E) in the case when an L-electron is missing (as well as a valence electron) after the radiation is emitted. The fact th at a band of radiation is found proves th at the valence electrons in the neighbourhood of an A-ionized atom in a metal must be considered to belong to a band of levels, the same band, in fact, as exists throughout the lattice; in other words the valence levels of the L excited atom in the metal a.re of non-atomic type. We may probably generalize this result to all cases of soft X-ray emission from metals. The vacancy in the X-ray shell merely causes a redistribution of the energies of electrons likely to be found in the neighbourhood of the emitting atom, electrons from lower levels of the band being heavily favoured. This redistribution is very well shown in the L satellite bands by the fact th at they differ from the main bands by a considerably greater intensity of radiation of the lower energies; it is especially obvious in the case of Na. The present point of view* is the same as th a t put forward by Skinner and Johnston l 1937 6) to explain the results obtained on the soft X-ray bands emitted from an element present as a dilute solid solution in another metal. The soft X -ray spectroscopy of solids 237 238
Thus our discussion of these satellites of class (A) has led to the con clusion that X-ray excited states of non-atomic character can exist, and, in fact, do exist in the case of metals. In the case of chemical compounds, we shall see that non-atomic X-ray excited states also occur, as might be expected; but in certain cases, atomic states also occur. When they happen they lead to the emission of satellites of class (B).
In a partly ionic compound, for example, a fluoride, number valence electrons associated with a particular atom in the crystal is not to be regarded as a constant, but as varying from time to time. Usually, the available valence electrons will be found in the neighbourhood of the fluorine centres, which will therefore have the character of negative ions. Occasionally, however, an electron will * stray ' over into a neighbouring metal ion. Thus, at any given instant, a few neutral atoms of fluorine will exist in the lattice. Now, the process of X-ray excitation (in this case K excitation) by an impinging electron is so swift that there will not be time for a redistribution of the valence electrons to occur; thus either a fluorine ion or a fluorine atom may lose a X-electron. If the X-ray excited state of the neutral fluorine atom is non-atomic, the intermediate state will, in spite of this, always be the same. For the valence-electron levels will not be affected by the removal of a X-electron from either type of fluorine centre, and the electrons will distribute themselves around the K excited centre so as to give the minimum energy. But, if the excited state produced by the removal of a X-electron from the neutral fluorine atom is atomic, then its valence levels belong to itself alone. They will lie well below the levels of the general band in the lattice, and will form a set of sharply defined energy. An electron from the rest of the material can only pass into them, thus altering the K excited state, by getting rid of energy by radiation or otherwise, a process requiring a time at least as long as that needed for the emission of the X-radiation itself. The X-ray excited state produced by removing a X-electron from a neutral fluorine atom therefore remains, in this case, distinct in energy from that produced from a fluorine negative ion in the crystal. A subsidiary value of the excitation energy, W\, will occur besides the main value, W and sate energy than that of the main band will be emitted. It can be seen that there is the possibility of the existence of such atomic excited states by imagining the crystal to become more and more ionic, until we almost reach the condition of an assembly of free ions in which there is only an occasional jump over of an electron into the positive ion.
The band or line character of the satellite radiation will depend on whether the fluorine centre from which the radiation has been emitted has, after the emission process, valence levels of non-atomic or of atomic type. The neutral fluorine atom which was originally if-ionized may end as a fluorine positive ion, with a valence-electron missing. Since this form of fluorine centre does not exist in the normal lattice, but has merely been created by the electron bombardment in the X-ray tube, its levels must certainly be atomic. On the other hand, it is possible to imagine th at, during the actual emission-process, an electron from the general band of levels is drawn, without loss of energy, into the neighbourhood of the emitting atom, and th at the final state is non-atomic (corresponding to a single positive hole in the band of levels of the lattice). The determining factor would seem to be the velocity of interchange of electrons in the crystal. The time of passage of a conduction electron from atom to atom in a metal is of the order of 10~15 sec., but it is clear th a t the time in an ionic crystal may be considerably greater. On the other hand, the time of the emission process is probably about 10~13 or 10~14 sec., being smaller for radiation of short wave-length. Thus the -radiations of fluorine and oxygen, emitted from fluorides and oxides, lying at the short wave-length end of our range, are favourable cases for the occurrence of line satellites, and we shall see th at these actually seem to be found. On the other hand, the metal-ion spectra of the oxides lie in the region of long wave-lengths and show band satellites. The degree of polarity of the substance is also obviously important as a determining factor.
The result of this discussion may be summarized as follows: (1 The picture we have put forward has been built up from actual examples in order to provide the simplest possible foundation for understanding the considerable complexity of the results. I t is perhaps crude and speculative in detail, but the existence of satellites and multiple bands seems definitely to imply a lack of uniqueness of the state of a partly polar compound when an electron is removed from an inner shell.
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Halides
The halides, especially those of the alkali metals, are the compounds in which the dissociation into positive and negative ions is most complete, and the proportion of the binding energy due to electrostatic interionic forces is greatest. Nevertheless, we shall show th at the effect of the lattice binding on the valence levels is considerable, especially for those salts writh a comparatively large electron-density.
We have seen in § 3 th at the observed spectra represent the actual N(E) curves for the separated groups of 5 and valence levels. Owing to the l selection rule and the fact th a t different types of spectra lie in our wave-length region for the different halogens, we obtain in some cases data relating to the s levels and in others data relating to the -levels. In the case of chlorides, the L2-and A3-spectra of chlorine both represent the 3s-levels. For the fluorides, we have the A-spectra of fluorine, which give the band of the 2p-levels. For bromides and iodides, the strongest ava spectra of bromine and iodine are M45 and iV45 respectively. There are also weaker M 2Z-and iV23-spectra (Siegbahn and Magnusson 19346) , but these are not of much interest from our point of view, since they are liable to be broadened by the Auger effects M 45 -> M 2Z or AT 45 -> N 2Z (see Paper I, § 8).
The A23-spectra of chlorine from several chlorides, taken from Siegbahn and Magnusson (1935) , are shown in figure 1, together with a new result of ours for LiCl. Our experimental equipment was not particularly suited for the chlorides, but we hope th at this third-order spectrum is adequately resolved. I t will be seen that, except for LiCl and CsCl, the spectrum consists of four resolved lines. The lack of resolution in the case of LiCl is no more than would be expected from the greater breadth of the lines, but this does not apply to CsCl, for which two of the lines are almost absent. Leaving this peculiarity over for the moment, the results show th at each of the L 2-and L3-spectra consists of lines, the distance between pairs corresponding to an (L separati are marked, in a notation to be explained later, L 2 and L%, L\. Since there is no obvious mechanism for splitting the s levels in a cubic lattice, the short wave-length lines of each pair must be identified as satellites. As to the structures on the low-energy sides of the main bands, although we cannot vouch for their complexity of form, there is reason to believe them to be genuine.
Four cases of fluorides, are represented in figure 2, which shows the first-order A'-spectra of fluorine. We give actual photometer curves, selected from several as characteristic, and inflexions such as those marked by letters have been verified.* The effect of an occasional spot on the * On account o f the sm all scale o f the reproduction, the feeble inflexions on bot h sides o f the ch ief m axim a of th e curves for N a F and K F appear very slight, but are, nevertheless, genuine.
The soft X -ray spectroscopy of solids 241 photographic plate, which might be misleading, has been removed in the diagram. I t will again be seen that, if the 2p-levels form a simple band, then a part of the radiation marked K° must be set aside as a satellite. No low-energy bands of appreciable strength occur. Turning finally to the case of bromides and iodides, we are faced with a certain amount of spectroscopic complication, since the spectra are of the type p -> d. There are three allowed transitions, namely p i -> di and p i-> d% or di . Statistically, these have intensities 2 : 4 : 9 . First-order photometer curves of the Br l / 45 radiation from several bromides, in cluding AgBr on account of its photographic interest, are shown in figure 3 ; the iV45-radiation of I from Csl is traced in on the same voltage scale. ( The result for KBr is slightly contaminated by fourth-order L 23 lines of K (marked K iv). It will be seen th at the spectra consist of a number of " lines" , more or less overlapping. The case of RbBr has been given by Siegbahn and Magnusson (19346) , who have analysed the various tra n sitions involved. We believe th at their analysis is erroneous, since it does not postulate a {p\~P%) spin-doublet separation for the levels of th which is even approximately equal to the known corresponding separation for the free bromine atom (0-7 eV); we may remove an electron from the Br ion and leave the resulting atom in either p state. The details of our analysis are given in figure 4, in which the df45-spectra of Br and Rb from RbBr are traced on the same volt scale.* I t will be seen th a t the two are very similar and this is also true of the iV45-spectra of I and Cs from Csl, in spite of a more pronounced difference in line widths. In the latter case also, the spin-doublet separation is correct, namely T3 eV, as for the iodine atom. Owing to the decomposition of the material of the target ( §2), the Rb and Cs spectra come almost entirely from these elements in metallic form. But this makes little difference, since we are concerned with transitions, not of the valence electrons, but of 4 or -electrons which form a complete shell inside the valence-shell of the Rb or Cs atoms. Br and Rb, I and Cs, are, in the periodic table, only separated by rare-gas elements. Hence the structures of Br-and Rb+ should be very similar, differing only in absolute energy, the 4p-levels being only weakly bound in the case of Br ~ but bound with approximately 10 eV in the case of R b+. The close analogy between the two spectra shows directly th at, since the 4p-levels of Rb+ certainly form a closed atomic group, the same applies to the 4p-levels of Br-in the solid.
It will be noticed in figure 4 that, both for the Br and the Rb spectra, quite strong features (those marked J f 45) are omitted from our line analysis. These must be put down as satellite which are considerably stronger in the case of Br than th at of Rb. Thus the A-spectra of F in the fluorides, the * The inflexion corresponding to the transition -> d, is w eak, b u t w e believe definite, for K B r and R bB r; for C sl, ow ing to the larger difference betw een the and d-doublets, it is quite evident.
_L23-spectra of Cl in the chlorides and M^-and iV^-spectra of Br and I in the bromides and iodides all show satellites which are exceptionally strong. The satellite of the Rb spectrum in figure 4 may almost certainly be ©.* 2 4
' AgBr
The soft X -ray spectroscopy of solidŝ described as a class (A) ( § 3) satellite due to double ionization of the emitting atom, probably by ilf45 -> i f 23 Auger transitions (Paper I, § 8) with the ejection of N electron. The much stronger Br satellite, like the corresponding satellites of the fluorides, must be of class (B), th at is an intrinsic property of the salt. Nevertheless, the analogy between the Br and Rb satellites shows that the systems from which they are emitted are similar; consisting namely of complete shells with one and one Nelectron missing. This gives support to our view th a t the Br satellites are to be regarded as emitted from neutral Br atoms in the crystal from which an df45-electron has been removed, and hence th a t these neutral atoms have a real existence in the salt. The satellites of the fluorides and chlorides must then be assumed to have a similar origin. Thus we may describe the main bands of figures 1-3 as 'negative bands', since they correspond to the X-ray excitation of negative ions, while the satellites may be called 'neutral' radiation. This is the reason for our symbols K~, K°; L 3, L%, etc., marked on the diagrams.
A certain amount of confirmation for this view may perhaps be obtained by applying the free atomic formula (5). This gives the values 2-9 and 2T eV for the energy separations of lines emitted after X-ray excitation of negative ions and neutral atoms of fluorine and bromine respectively. The observed separations in the salts are 3-7* and 1-9 eV. The corresponding calculation for chlorides cannot be done, since the energies of the 3s electrons are not known.
The satellite bands of the fluorides are considerably narrower than the main bands. Comparison with the X-spectrum of oxygen from CaO ( § 5) leads one to assume th a t they may well consist of a pair of rather sharp lines; in fact, some traces of doublet structure can probably be seen in the observed curves. The lack of resolution is very likely experimental. It seems fairly sure th at we have here a case of the line satellites discussed in § 3. The doublet character would then be explained as due to the possibility of singlet and triplet X-spectra for an atom such as neutral fluorine. When a A-electron is removed, we have two positive 'holes', both in the intermediate excited and final states, and the interaction between these will give rise to spectroscopic term-multiplicity. The observed separation of 1-2 eV would seem to be of the right order of magnitude. For the bromides, the satellite may also be taken as a line satellite ; there is no definite indication of term multiplicity here, but this might well be lost among the complexity of the N 23 -> ■ J f45 transitions. For the chlorides, the main spectra as well as the satellites may probably be regarded as consisting of lines, since the 3s-levels are anyhow of more or * For th e oxides, the calculation gives 5 eV , instead o f 2 eV. W e do not know w hat reliance can be placed on the ionization p otential o f fluorine, w hich is in volved in both cases. less atomic character. The structure seen at the high-energy end of the bands of KC1 and RbCl is possibly a complication due to term-multiplicity. I t will be noticed th at the strength of the line satellite depends markedly on the metal ion in the crystal. Thus the satellite is weak for KF, and almost non-existent for CsCl. On our view of § 3, the strength of the satellite radiation depends on the number of negative ions from which, at a given instant, an electron has ' strayed ' away to a neighbouring positive ion. This will obviously vary with the character of the positive ion, and in general will be least for the halides which have the most markedly polar structure.
If we wish to obtain the 1(E) curve for the main band, in order to determine according to equation (2) the N(E) curve for the band of levels involved, the line satellites must be eliminated. This is easily done, but we also have to consider the projections of the observed curve which occur at energies higher than th a t of the satellite. The question is whether these also are to be rejected as satellites of some sort, or are to be con sidered as parts of the main band. We think th a t the second alternative is the correct one; this is largely based on the analogous case of the oxides and the reasons will appear in the next section of the paper. On this assumption, the N(E) curves for the p-bands of valence-electron levels in various fluorides and bromides have been drawn in figure 5, together with curves for the 3-5-bands in some chlorides which, in contrast to the others, appear simply to have the form of broadened lines. The p-bands have total widths which may seem surprisingly great. In fact, we have been very unwilling to recognize the existence of such wide bands and have only been forced to admit them because every alternative hypothesis seems unlikely. The band widths are, however, considerably less than the values found for certain solid elements which have comparable valence-electron densities and the main parts of the Np(E curves are confined to a com paratively small energy range, the total width being made up by weak projections of the bands towards high energies. Certain structure effects, marked by letters on figure 5, are evident in the case of the fluorides; in the case of the bromides, we have retained, in figure 5 , the (4p^ -4pj) spin-doublet separation, since this has a real existence in the solid. For the 3-s-bands of the chlorides, no sign of structure has been indicated in the bands, although some might possibly exist for KC1 at the high-energy end of the band.
The explanation of the weak low-energy bands of the L23-spectra of Cl from chlorides (figure 1) must be left open. But, since similar structures seem to exist in the Z/23-spectra of sulphur from the sulphides ( § 6), we
The soft X -ray spectroscopy of solids 246 may suggest, as a possibility, bearing in mind the fact th a t -» tra n sitions may have a low absolute probability, th a t they are due to double transitions. One transition would be the 'forbidden' while H. M. O'Bryan and H. W. B. Skinner the other would consist of the formation of an 'exciton' (Mott and Gurney 1940) . This would leave the system, after the emission of radiation, in an excited state corresponding to an alternative value of W(E), (equation (1)) and would appear to give an energy of the right order of magnitude. The low-energy bands of the A23-spectra of Si from Si02 (figure 8) and of sulphur from sulphides (figure 7) may perhaps have a similar origin.
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O x i d e s
For a number of oxides, we have been able to obtain the soft X-ray spectrum of the metal-ion, as well as the /f-spectrum of oxygen. For the present, however, we shall leave the metal ion out of account. The oxides, in general, must be considered to be less polar compounds than the halides; the 0 = ion, in the free state, is unstable, and it is doubtful whether we can suppose th at it has any real existence in the lattice. As we shall see, oxides vary considerably in polarity, but, from the spectroscopic point of view, the negative charge on any oxygen centre does not seem to exceed one unit. The oxides are only partly polar compounds, the homopolar component of their binding being often strong.
A number of first-order X-bands of oxygen from various oxides are shown in figure 6;* some remarks on the construction of this diagram have already been made in § 2. They fall into two groups; in the second group the curves show a more or less resolved line doublet on the highenergy side of the peaks. The fact th at MgO and CaO have the same crystal structure shows th at this is not the distinguishing factor between the two groups. It is therefore very difficult to account for the difference between the two groups except on the assumption th a t the line doublet is a satellite, such as we have postulated for the halides. And indeed the form of the A-bands of oxygen from these oxides is very similar to th a t obtained for the X-bands of fluorine from the fluorides. Compare the features marked by letters on the curve for CaO with those marked for LiF on figure 2.
We shall therefore proceed on the assumption th at the observed doublet is a line satellite, the doubling being due to the multiplet splitting of the A-spectrum, in this case probably into the doublet and a quartet spec trum corresponding to a complete shell with three missing electrons. The distinction between the two groups of oxides is mainly due to the lower electron density in the latter group which makes them more polar com pounds, like the halides (see § 8). We must assume that, for the first group of oxides, in spite of the fact th at the number of valence electrons asso ciated with a particular oxygen centre is not a constant, no intermediate K excited state of atomic character ( § 3) can exist, while for the second group, such atomic K excited states do occur. They are probably to be regarded, as we shall see in § 7, as due to the possibility of the momentary existence of neutral atoms of oxygen in the crystal, owing to the straying of electrons away from the negative ions. The total intensity of the satellite lines is, in the case of CaO, about 5% of the intensity of the main bands. We may therefore assume th at at any moment, at least 5 % of the oxygen centres are atoms. We only obtain a minimum estimate because of the possibility th at transitions of valence electrons may destroy the atomic character of the K excited state ( § 3).* I t might be thought th at certain features of the spectra of the first group of oxides ought to be regarded as satellites. The line satellites of the halides and those of the second group of oxides have been identified by their common characteristics; the energy separation from the main band is constant in a group and the form of the curves similar. I t is seen th a t there are no such common features among the curves of the oxides of the first group, and thus there are no line satellites. But the further question arises of whether the weak high-energy parts of the curves of both groups of oxides should be taken as band satellites, of which we shall give examples in § 7. There is no obvious resemblance, but this might be due to their faintness in the present case. A band satellite may be expected to be considerably further from the main peak than a line-satellite; in fact, according to equation (4), the separation would be about 15 eV. This probably cannot be trusted. But, to take a particular case, the feature of the curve of MgO (figure 6) is separated from the main peak by a different energy from th at of the apparently corresponding feature G of CaO. The feature F of MgO has no counterparts on the curves grouped below it. Also F, and in fact all the features of the A-spectrum of oxygen from MgO, appear to be reproduced, as we shall see in § 8, in the L2a-spectrum of Mg emitted from the same compound. Thus, although this evidence cannot perhaps be regarded as conclusive, it seems th a t no part of the observed K-spectrum of oxygen from MgO is to be identified as a satellite. If this is granted, it appears to follow by analogy th a t there are no band satellites in the curves of the oxides of either group, and also in those of the fluorides (figure 2). This is the evidence on which the long high-energy projections of the halide bands have been included in figure 5 . Also, on this basis, the curves of figure 6, with the line-satellites eliminated from those of the second group as indicated roughly by the dotted lines, represent directly the N(E) curves for the 2p-bands of levels of the various oxides, according to equation (2). We shall, in § 7, describe results which are interpreted as giving the 2s-bands of some of these oxides, and a discussion of the various band forms will follow in § 8.
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Sulphides
Since sulphur is the homologue of oxygen in the next group of the periodic table, it is convenient now to consider the case of the sulphides, which resemble the oxides. The advantage of this is th at for the oxides we have only the if-spectra and these give information only about the levels. On the other hand, for the sulphides, we have L23-spectra, giving information regarding 8-and d-levels (equation (2)). Unfortunately, the K -spectra of the sulphides lie in the region of short wave-lengths (about 5 A) and have not been observed. Photometer curves of three examples of sulphides are shown in figure 7. Since they are taken from spectra of first and second order, they have been traced on the same volt scale. The most striking characteristic is that, unlike the oxides, the sulphides have bands consisting of two parts. The high-energy part is weak and shows signs of structure, while the lowenergy part is strong and relatively formless. The separation between the Vol. 176. A.
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two parts is about 11 eV, and the band-width of each is of the order of 10 eV. The (L2 -L 3) separation for sulphur may be noticed in a sharp fall of the intensity at the high-energy end of the stronger band of ZnS, which shows clearly double. The other sulphides do not show this peculiarity.
On account of the selection-rule, it seems certain th a t we must identify the main band of the L 23 (or 2 p )spectra as representin sulphur ions. The high-energy band must probably be interpreted, not as a satellite band, but as representing a few levels with wave functions most likely of 3d-type, which are to be found in the band of levels whose wave functions are mainly of 3p-type and so do not show in the spectrum. This band therefore corresponds to the band of the if-spectrum of oxygen from oxides; there is nothing in the latter corresponding to the main sulphide band, since 2s -> Is transitions are forbidden. Though it is weak, and so perhaps some details may have been missed, the high-energy band of the sulphide spectra show the same kind of intricate structure found in the if-spectra of the oxides. The main band is, on the other hand, except in the case of ZnS, completely formless; and even for ZnS, it is formless except at its high-energy end. The reason for this peculiarity is rather obscure: it may be th at a few 3d-levels are mixed in the 3s-band and th a t the sharp features of the main band represent these. This would mean th a t the interaction is greater for ZnS, and makes its spectrum tend to resemble th at obtained from the element sulphur, for which all the levels are more or less admixed and cover the range of both sulphide bands (see Paper I, §5).
The most obvious feature of the 3s-bands of the sulphides is their shape lessness. This has to be explained, since there seems to be no reason why the effect of the lattice should not show itself in a characteristic structure of the 3s-band, just as for the 3p-band. We therefore need a mechanism which both smears out the structure of the 3s-band and broadens it. Fortunately, a similar smearing-out of the features a t the low-energy end of the observed bands of metals and element-insulators has been described (Paper I, § 9). The mechanism used to explain it is an Auger effect in which an electron in a level near the top of a band of levels may make a transition into a vacancy near the bottom of the band. Owing to this possibility, the state which corresponds to a vacancy near the bottom is broadened, and the resulting width at half-maximum is shown to be of the order of 1-2 eV. In Paper I, § 8, it was also shown that the 2s-levels of Mg and A1 (which are 'inner atom ic' levels, not valence-levels) are broadened to the extent of about 2 eV by the possibility of Auger transitions from the 2p-levels into them, with the ejection of conduction electrons. The case of the 3s-levels of sulphur in sulphides (and also th a t of the 25-levels of oxygen in oxides) lies intermediate between these two examples of level-broadening, and we have every reason to expect a similar effect. The broadening can only be guessed, but certainly a level width of the order of 2 eV may be assumed. This would have the required effect of smearing out any characteristic structure of the bands, and would account (as in Paper I) for the 'tailing' of the bands towards both low and high energies. A has been emphasized in Paper I, this broadening of the levels must not be considered as a spurious effect. The Auger effect is one of the im portant causes of the spreading-out of sharp atomic levels into a band in the solid. But it is an effect not taken into account in theories of the solid state, and so has to be separated out if one is thinking only in terms of the interaction between neighbouring atoms. In contrast to these s bands, the 2p-bands of the oxides and fluorides are remarkably free from any effects of level broadening. This is probably due to the fact th a t the only possible Auger transitions within these bands would be of the type -> and these may well be very improbable.
In the following section of the paper, we shall show th a t the assumption th a t the 2s-band of levels in an oxide has properties similar to those of the 3s-band of a sulphide is supported by strong indirect evidence.
The soft X -ray spectroscopy of solids 7. Metal-ion spectra from oxides, etc.
So far, we have only made a bare reference to the metal ion K-and L23-spectra which are available for BeO, B20 3, MgO, A120 3 and Si02. We also have spectra of both components in the cases of BN and SiC. For most of these compounds, the spectra show a high degree of complexity; thus the if-spectra of the metals in BeO, B20 3 and Al20 3* consist of three very wellmarked distinct bands, the weak low-energy band being probably a duplicate of the main band; while the L23-spectrum of Mg in MgO presents an obvious case of band duplication.
The curves are shown in figure 8 , and the if-spectra of the relevant negative ions have been traced in, in an arbitrary position on the voltage scale. The relative positions of the corresponding bands from the pure metals are indicated by the emission edges or 'false edges' (Paper I, § 6). In the cases of MgO and A120 3, there seems to be an identity of the * The detail observed at the high-energy end of the other i£-bands is m issing in this case. The radiation investigated by Karlsson and Siegbahn ( 1934) lies at a short w ave-length (8 A) and it is possible th at the experim ental resolution was not adequate.
characteristics of the X-band of oxygen with each separate part of the L23-spectra of the metal ions; this is most evident for MgO, and in spite of the fact th at we were obliged, owing to technical difficulties to rely on rather weak spectra, the apparent identity was carefully checked using several H. M. O'Bryan and H. W. B. Skinner exposures. In the cases of BeO, B20 3 and BN,* a sort of correspondence between the if-spectra of the negative ions and the high-energy part of the if-spectra of the metal ions is established. In the remaining cases, there is no very obvious correspondence.
Let us first consider the case of a typically homopolar compound SiC. We have the if-spectrum of C and the L23-spectrum of Si. If the compound is strictly non-polar, with one band of valence levels held in common by all the lattice points, it is clear th a t one can expect no more resemblance of form between these spectra than is found in the if-and L23-spectra from the respective elements, diamond and Si, which have the same crystal structure. In Paper I, § 10, it was shown th a t there is no very obvious similarity between these spectra; a fact interpreted, according to § 3, by saying th at the K-spectra give Np(E) and the L23-spect and th a t the overlapping systems of (s + d) and -levels have quite different characteristics. So, in SiC, we cannot expect any particular similarity between the if curve of carbon and the L23 curve of silicon, apart from an identity of band width. If the if-spectrum of Si were available, it would no doubt show features nearly identical with those of the if-spectrum of C.
The remaining cases of figure 8 are examples of semi-polar compounds, though the characteristics of the bands of Si02 show a certain resemblance to those of the homopolar SiC. We shall return to this exceptional oxide subsequently; for the present we shall deal with the other cases which all show similar features. Of all the properties of soft X-ray bands dealt with in Paper I or in this paper, those of the metal-ion spectra of these semipolar compounds are the most complex. Nevertheless, as stated above, wre have several general conclusions to draw upon, and it seems worth while to put forward the following suggestions.
From what has been said in § § 5 and 6, we may take the system of valence-electron levels in the oxide as known, at least provisionally. I t consists of a band of 2p(0 ) levels, of the order of 13-20 eV in width with an intricate N(E) curve; and, only slightly overlapping it, a band of 2s(0) levels about 10 eV in width and of a formless structure. Ignoring for the moment the observed band duplication, the similar forms of the Mg Z^-spectrum and the If-spectrum of oxygen in MgO show conclusively th at in this case we have to deal with the effect of symmetry-interchange of wave-functions,already referred to in § 3. Those levels of the lattice which have 2 pc haracter when referred to the oxygen centres, have 3<s character * I t was not found possible to obtain spectra of B N free from B 20 3, and the bum p on the curve at 33 eV is alm ost certainly due to the latter com pound.
The soft X -ray spectroscopy of solids referred to the Mg centres; and though less distinctly seen, the L23-spectrum of A1 in A120 3 shows similar characteristics. On the other hand, the Aspectra of Mg and A1 in their oxides, as well as the similar, but more accurately observable A-spectra of Be and B in BeO and B20 3 show different peculiarities. The main feature of the band (whose duplication at lower energies will, for the moment, be ignored) is a formless structure, almost certainly to be interpreted as the 2s(0) band which, owing to the selection rule, does not show in the A-speorrum of oxygen. We have there fore another case of the symmetry-interchange effect, the 2s(0) wavefunctions becoming, for example, 2p(Be) wave functions. But this is not all; at higher energies in the observed A-spectra, we have weak structures which show some of the properties of the oxygen A-spectra. Hence we must assume th at some of the 2p(0) wave functions correspond to 2p(Be) wave functions, the probability of such a correspondence being however small (of the order of 10 %). Also, in order to explain the distortion of the oxygen A-spectrum in the metal ion A-spectra, one must postulate th a t this probability is a function in general decreasing with the energy E of the level concerned, but perhaps also depending on the character of the wave function giving rise to the level. The substance Si02 shows different, and in some respects opposite properties. The L23-spectrum of Si shows little similarity with the relevant A-spectrum of oxygen, though perhaps some correspondence can be traced at the high-energy ends of the bands. In any case, there are many 3s(Si) levels which do not correspond to 2p(0) levels and therefore presumably must correspond to 2«s(0) levels. The A23-spectrum of Si in Si02 may pro bably be compared with the A-spectra if the metal ions in the other oxides dealt with, except th a t there is more overlapping between the parts of the band which appear to correspond to 2s(0) and 2p(0) levels. Further, a private communication of Dr Farineau indicates th a t the A-spectrum of Si in Si02 is very similar to, or identical with, the oxygen A-spectrum. We may therefore conclude th a t in Si02, the symmetry character of a wave function of given energy near the Si nuclei is mainly the same as it is near the O nuclei.* If our analysis is correct, we may conclude th a t the main bands of the A-spectra of the metal ion in BeO, B20 3, MgO, represent the bands of 2s(0) levels. Like the 3«s-bands of the sulphides, these are wide and diffuse; * Subsequent experim ents indicate th a t CaO and T i0 2 are rather sim ilar to S i0 2 in this respect. On the other hand, unlike S i0 2, th e y show high-energy satellite bands, as do also the oxides o f th e Fe-group, Cr20 3, MnOz and F e 20 2 (see Gwinner ( 1938) for the latter).
they are separated from the mean energies of the -bands by 11 or 12 eV. The values for A120 3 and for the corresponding separation in BN are smaller, namely, about 7 or 8 eV and the separation of the and 2p(0 ) bands in Si02 is probably only about 6 eV. Though no accurate data exist, the separation of 2s-and 2p-levels in the free oxygen atom is thought to be about 8 or 10 eV.
We must finally consider the band-multiplicity which is shown by all the substances represented in figure 8 , with the exception of SiC. I t is difficult to resist the conclusion th a t we are dealing with cases of band satellites, in the sense of § 3, in which the intermediate X-ray excited state is duplicated, but the final state is always the same and is formed simply by the removal of a valence electron from the general band of levels in the crystal. The great strength of these satellites shows th a t they must un doubtedly be of class (B). I t may be noted th a t none of the substances represented in figure 8 have any satellites of their oxygen, etc., X-spectra. This means th a t secondary intermediate states of atomic character can often exist for the metal centres, without corresponding intermediate states being possible for the oxygen centres.
In the cases of MgO and A120 3 the main bands of the L23-spectra of the metal ions lie in approximately the same position in the spectrum as the jL23-bands from the corresponding elements. Since the 2p(0 ) levels are bound with about the same energy as the conduction electrons in the metals, this means th at the structure of the intermediate state is similar in the metal and in the chemical compound. Hence, in a rough sense, we may probably conclude that the emission of these main bands is from centres which, before the removal of an ^-electron, were originally 'neutral atom s', not 'positive ions'. On the other hand, the satellites of these bands will correspond to emission from positive ions. This reasoning cannot be applied to the A-bands of BeO, B20 3, BN, MgO and A120 3, because here we are dealing with transitions from the levels, which lie comparatively low. Hence one may expect a shift of the bands which correspond to emission from neutral atoms of the order of 10 eV towards lower energies as compared with the X-bands of the respective elements. The weaker low-energy bands are therefore, for these substances, those which correspond to emission from neutral atoms, while the bands which lie in about the same position as those emitted from elements actually correspond to emission from positive ions.
In this sense, we may say that oxides like BeO and MgO are substances composed of a mixture of neutral atoms and singly-positive and negative ions. The number of electrons associated with a Mg or Be centre is probably The soft X -ray spectroscopy of solids either one or two, and we have a statistical distribution of centres of these kinds. This appears to indicate a strong non-polar constituent in the binding of these oxides.
There would seem at first sight to be two difficulties in this point of view: the first is th at the energy separation of the main and satellite bands in the case of MgO is different for K -and L23-spec to the fact that the screening of the nuclear charge by a K-and an Lelectron are not the same, and therefore the two values of Wx (equation (1)) differ by less for an L23-spectrimi than they do for a if-spectrum. The second difficulty is th a t the ratio of the intensities of the two bands which correspond to emission from neutral atoms and positive ions is not the same for a K-and an L23-spectrum, the neutral band being relatively much stronger for the latter. But it must be remembered th a t the emission of radiation is not the only process by which an atom can get rid of the energy of excitation,* and thus the relative intensities of the observed bands do not necessarily represent the relative numbers of the two kinds of X-ray excited atoms. Thus we can only conclude th at the mean number of electrons associated with a Mg centre in MgO lies between about 1/3 and 3/4 and is probably of the order of 1/2. The other oxides represented in figure 8 seem to be similar, again with the exception of Si02. The L23-spectrum of silicon from this substance occupies almost exactly the same spectrum range as th at from the pure element; there is no high-energy band at all. This does not necessarily mean th a t quartz is non-polar. I t means simply th a t only one X-ray excited state exists, and this may be interpreted according to § 3 in saying th a t no intermediate state of atomic character can occur. Nevertheless, as already emphasized, the band of quartz is very similar to th a t of a covalent compound. We have previously suggested th at the weak band of low energies, which might be taken as due to a few negative ions of Si, may really have an origin similar to th a t of the low-energy bands in the X23-spectra of the chlorides.
We may summarize this intricate discussion of the evidence provided by the metal-ion spectra in stating th at they appear to show:
(1) That the 25(0) bands of the oxides appear to be, like the 35-bands of the sulphides, diffuse and fairly wide. Except in the case of Si02, they are separated from the 2p(0) bands by an energy interval of the order of 10 eV. * For exam ple, radiation from th e neutral K ex cited sta te Mg ( I s .2 s2. 3s2) m ight be assum ed relatively im probable ow ing to th e selection rule, th e excess energy being usually taken aw ay b y an Auger process w ith th e ejection o f a 3s-electron.
(2) The compounds show the symmetry-interchange effect (namely th a t a wave-function which has 5-like symmetry near one type of centre in the lattice may have symmetry of p-type near the other type of centre) in more or less degree. The effect is small in the case of Si02, considerably greater for BN and A120 3, and greater still for the remaining oxides BeO, MgO, B20 3.
(3) The duplicate character of the spectra is explained by assuming th a t the atoms which emit the radiation are not all the same. In con junction with the results of § § 4 and 5, this leads to the general conception th a t a semi-polar compound is to be regarded as an assembly of ions and atoms, the charge on any centre being liable to change in a time of the order of 10~13 sec. The halides consist mainly of negative halogen ions and positive ions with an admixture of a few per cent of neutral atoms, which represent the covalent constituent of the binding. The oxides consist of singly negative ions and corresponding positive ions, but there seems usually to be a fairly strong admixture of neutral atoms, except in the case of the oxides of lowest density, like CaO, SrO and BaO, which appear to be built up very similarly to the fluorides, with a polarity corresponding to nearly one electron-charge. The fact th at they have exceptionally high refractive indices in relation to their densities is perhaps connected with their greater degree of polarity. At the other end of the scale, the oxide Si02 has spectra similar to those of a covalent compound like SiC.
General properties of the bands
We shall now attem pt to draw a few conclusions from the forms of the observed bands. In tables 1-3, we give the band-widths of the p-and sbands of the various compounds investigated. Table 1 gives the values for the 2p-bands of the fluorides and for the 4p-bands of the bromides, table 2 those for the 2p-bands of the oxides and table 3 those for the 25-and 35-bands of the oxides, sulphides and chlorides. The somewhat arbitrary end points chosen have been, where possible, indicated by dots on the photo meter-curves (figures 2, 3, 6 and 7). The points at the high-energy ends of the p-bands depend, of course, on our assumption of § 5 th a t the weak observed projections are not satellites. If this is wrong, the band widths for the fluorides would have only about half, and the other compounds upwards from two-thirds of the values listed. The methods of defining the end-points at the low-energy ends have been discussed in Paper I, § 10, where it has been pointed out that, when there is 'tailing' of the bands, an arbitrary definition is needed. The tailing of the p-bands is certainly small, and so we have measured practically to the extreme limits of the curves. But, as we saw in § 6, it is large for the s bands, and we have extrapolated their linear portions to zero to get the low-energy end-points. The high-energy ends of the s-bands (except for th a t of ZnS) seem also subject to the tailing, and the widths given represent values in which this effect has been largely eliminated. We give also, in the tables, values of the 258 H. M. O'Bryan and H. W. B. Skinner Tine w idths', namely the widths of the bands at half of the maximum intensity, as is usual in measuring broadened spectrum lines; in the case of bromides, these refer to one line of the p-doublet. Especially for the s-bands, these can be more accurately determined than the full band widths. The quantity p represents the density of oxygen sulphur atoms in the crystal; it has usually been calculated from the lattice-constant, the volume of the spheres occupied by the positive ions as determined by crystallography being subtracted from the total volume. In the cases of the more complex oxides and of the sulphides, p has been calculated from the actual density, and the small correction for the size of the doubly positive ion (which anyhow is of doubtful significance) has merely been estimated. In this way, by allowing 6 electrons per negative ion in a p-band and 2 electrons per negative ion in an 5-band, we obtain a t least a rough value for the effective electron-density. So we are able to calculate the Sommerfeld band-width according to the crude 'electrongas ' theory of solids. This quantity, though certainly not strictly applicable in the case of insulator-bands, yet provides a standard against which the measured band-widths may be compared. We have shown in Paper I, § 10, that, in the case of simple crystal structures, the Sommerfeld values are never very far from the real band widths of the element insulators, but are always somewhat smaller. I t will be seen th a t it gives a close approxi mation to the 2p-band-widths of most of the compounds, thus showing generally the effect of the electron density. In fact, the results show th a t valence electrons must move in a semi-polar compound with velocities almost as great as they do in a metal. They probably move from negative ion to negative ion, the positive ions being more or less insulated; but the very low intensities at high energies of the bands of the more ionic com pounds show th a t the number of electrons with large energies is very small. The results for the 5-bands are not accurate, but those for the chlorides show th at these bands too are sensitive to the electron density. I t is rather surprising th a t the 25-bands of the oxides and the 35-bands of the sulphides are wider than calculated; it might be thought th a t these bands of levels, which we have shown to lie abput 10 eV below the corresponding p-bands, would be narrower. But in fact, the tables suggest th a t the interaction of the 25-electrons in neighbouring atoms is even greater than th a t of the 2p-electrons.
The 2p-bands of the oxides and fluorides show different forms. One would expect these to be related to the crystal structure. After an initial rise as E* at the low-energy end (Paper I, § 9), the bands may be expected to be built up of a series of 'peaks', corresponding to characteristic energies of reflexion of electron-waves by sets of planes in the lattice (see Paper I, § § 3 and 10). The complicated internal structure of the Brillouin zone which contains eight electrons implies th a t there will be a number of overlapping peaks in the curves for the halides and oxides, as indeed is observed. Glancing at the curves for oxides (figure 6) one would be tempted to distinguish B20 3, A120 3, Si02 and ZnO from the remainder on account of the shape of their curves. These all have, except for B20 3 whose structure is unknown, various forms of hexagonal structure, while the remainder, except for BeO, are cubic. The case of BeO raises a difficulty, The soft X -ray spectroscopy of solids 260 since its structure is given as close-packed hexagonal, like ZnO. Since the energy difference of a cubic alio tropic modification (like MgO) must certainly be small, we think it is fairly safe to assume th a t our finely ground powder was either cubic, or was rendered so by the electron bom bardment in the X-ray tube, perhaps simply by becoming hot. From the fluorides, the tetragonal MgF2 can perhaps be picked out by a difference in the number of the inflexions (figure 2), although this is not certain. The remainder have face-centred cubic structure, and thus are like MgO, CaO, SrO, BaO, and, with the above assumption, BeO. We have emphasized the similarity of their 2p-bands by the lettering on figures 2, 5 and 6. But they are not all identical in the intensity ot their inflexions. Thus MgO, NaF, and K F have a strong 'shoulder' of each side of the peak (features marked B and E) while BeO and LiF have one only, B; and, in the cases of CaO, SrO and BaO, the shoulders are hardly visible at all. These differences are not due to experimental error, and so must repre sent a genuine influence of the nature of the compound. I t must be re membered that, as in the case of X-ray diffraction, the intensities of reflexion of electron waves will depend on the nature of the metal ion forming the compound. Thus identical bands cannot necessarily be ex pected from substances with the same crystal structure. One might con sider th at the pairs MgO and NaF, BeO and LiF would have bands very similar to one another, on account of the fact th a t the atoms forming them are neighbours in the periodic table. And indeed, a close examination of the curves shows that the 2p-bands are remarkably a considerable difference in scale.
A difference present in these comparisons is, that, in the fluoride bands, a much larger part of the band width is occupied by regions of very low intensity. CaO, SrO, BaO, the oxides with the lowest electron densities, are similar to the fluorides in this respect, though the high-energy pro jections are not quite so long. The ratio of the band width to the line width (tables 1 and 2) gives a measure of this effect. I t is seen th a t it is about 10 for the bromides, 7 or 8 for the fluorides and for CaO, SrO, BaO, and ranges down to about 4 for oxides such as MgO. This ratio seems to be a measure of the degree of polarity of the compound. If we consider the approximation of building up a crystal out of the constituent ions, we shall obtain a line broadening of the levels dependent on the electron density and on the binding energy of the valence electrons. If, on the other hand, we regard the binding as covalent, we shall obtain a band width approximately given by the Sommerfeld formula. I t seems as though both types of approximation have to be taken into account; in the case of a very ionic compound, the first applies to the m ajority of the levels, and the second only to a very small number. The polar nature of the compound has only a small effect on the total band width, although it has a considerable effect on the line width.
Similar projections of the bands towards high energies have been described in Paper I, § 10 for element insulators, although these do not reach so far out. They have been called 'band-ends', and in some cases a parabolic rise of the curve backwards from high energies can be traced. They correspond to the filling up of the corners of the Brillouin zone. Now, in the face-centred cubic structure, the zone containing 8 electrons has two kinds of corner; hence we may expect two band-ends for the halides and the face-centred oxides. Two such band-ends seem to be present in the curves for all these substances. The scale of the band-ends gives the 'effective m ass' (Paper I, § 10) of a 'positive hole' in a position in kspace corresponding to a corner of an otherwise filled zone. The effective masses appropriate to the two band-ends of the cubic oxides and halides may be given very roughly as 1/2m and 1 /5m respectively. Similar values for compounds have been postulated by Frohlich and Mott (1939) from d ata on conductivity. The hexagonal oxides probably have Brillouin zones too complicated for the band-ends to be resolved, and hence the high-energy ends of their bands take the form of a smooth curve. In this respect they are similar to certain elements with complex crystal structure, for example, boron.
The experiments were carried out in the H. H. Wills Physical Laboratory, University of Bristol, during the year 1938, and we are very grateful to Professor A. M. Tyndall, F.R.S., for making our collaboration possible. One of us (O'Bryan) was responsible for about two-thirds of the experi mental work, but he need not necessarily be held responsible for the development of all the ideas which sprang from our year of co-operation. We should like to thank Professor N. F. Mott, F.R.S., for much help in discussion, and Dr J. E. Johnston'for some assistance with the experi ments.
